Myeloid-derived suppressor cells (MDSCs) are a heterogenous population of immature myeloid cells whose numbers dramatically increase in chronic and acute inflammatory diseases, including cancer, autoimmune disease, trauma, burns and sepsis. Studied originally in cancer, these cells are potently immunosuppressive, particularly in their ability to suppress antigen-specific CD8 + and CD4
INTRODUCTION
Over the last decade, a novel heterogeneous population of immature myeloid cells with immunosuppressive properties has been described, and these cells have recently been coined myeloid-derived suppressor cells (MDSCs) (1) (2) (3) . Much of the early work on the origins and functions of these cells has been in experimental and human cancer, in which these populations are known to be immunosuppressive and to result in both reduced immune surveillance and antitumor cytotoxicity (2) . However, more recent findings suggest that expansion of these immature myeloid cell populations may not be limited to cancer, and that they are linked to most if not all chronic and acute inflammatory processes (3) . Therefore, should MDSCs be viewed solely from the context of an anomalous and pathologic response to cancer or could the expansion of these cell populations be considered an integral component of the host response to any inflammatory stimuli? Rather than an adverse immunosuppressive response, the expansion of this cell population(s) more than likely represents a complex balance between increased immune surveillance and dampened adaptive immune responses common to many inflammatory responses.
In this review we explore the origins of these cell populations during inflammation, focusing on their role in acute inflammatory processes such those that occur during trauma and sepsis. We propose that the overall role of MDSCs involves much more than simply being an immunosuppressive population unique to some cancers. Rather, MDSC expansion is a common response to all inflammatory processes, and the functions of MDSCs are highly dependent on the circumstances in which their expansion occurs. Like much of the host response to inflammation, the expansion of the MDSC population poses both beneficial opportunities as well as potential damaging costs to the host. MDSCs have potent innate immune effector cell function, and during periods of systemic insult (that is, cancer growth, sepsis) may actually serve to protect the host from opportunistic infectious insults. Manipulation of MDSC expansion and function offers unique opportunities, but also poses risks and uncertainties.
MDSCs: HETEROGENOUS AND POORLY DESCRIBED
MDSCs have been known for several decades under a number of different monikers, ranging from "natural suppressor cells" to "immature myeloid cells" to "suppressor macrophages" (4, 5) . These cells have been defined predominantly by their functional properties, and little is known about the specific identity of these cell populations. In mice, MDSCs have been characterized as an inducible cell population that expresses cell-surface CD11b and GR-1 antigens, does not or only weakly expresses other markers of mature myeloid cells (such as CD14 and MHC class II antigens), has increased expression of arginase (ARG) and inducible nitric oxide synthetase (iNOS), and produces large quantities of reactive oxygen species (ROS) and reactive nitrogen species (RNS) (6) . These cells have the capacity to suppress predominantly antigen-specific CD8 + and CD4 + T-cell responses. Although these criteria are well accepted in the cancer literature, they are by no means highly specific or inclusive, and this ambiguity has often led to conflicting descriptions of their population and the argument that MDSCs originating in cancer may be different from those expanding during other acute and chronic inflammatory diseases, such as in trauma, burns, sepsis and autoimmune diseases (7) . Other markers and phenotypes have been used to further classify these cell populations, as well as to discriminate them from other myeloid cells with suppressor cell function, such as tumorassociated macrophages (8) . As shown in Table 1 , many investigators have attempted to further classify MDSCs on the basis of several strategies: their relative expressions of CD11b + and the Ly6 superfamily (Ly6G and Ly6C), which is recognized by the GR-1 antibody (RB6-8C5); their overall immaturity; and their suppressive activity (6, 9) . In terms of their immaturity, most investigators use expression of the adhesion molecule PECAM-1 (CD31), because this marker is present on progenitor and blast myeloid cells, in addition to poor expression of MHC II and costimulatory molecules CD80/86 (10, 11 (2, 17, 18) . Yet, as is obvious, these human criteria are even less specific than those used in mice, and the search for the elusive human MDSC continues.
MDSCs ARE MORE THAN ADAPTIVE IMMUNE SUPPRESSOR CELLS
Both human and murine tumor studies have demonstrated that MDSCs produce increased levels of iNOS, arginase (ARG), and ROS, all of which have been associated with antigen-specific T-cell suppression (19-21) ( Table 2 ). The first two enzymes are linked via L-arginine, which is not only the substrate for both enzymes, but is also a conditionally essential amino acid that must be exogenously provided to an organism during times of stress for proper T-cell function (22) (that is, during advanced cancer, trauma or sepsis). Multiple in vitro and in vivo experiments have shown that MDSCs consume L-arginine from the microenvironment, more than likely as a result of increased ARG and iNOS expression (8, 23, 24) . L-arginine depletion has been shown to induce dysregulation of T-cell receptor (TCR)-mediated signaling as well as cell-cycle arrest (24) . This mechanism has been described in both human and murine studies (17, 18, 21, 24) . In addition, Nagaraj and colleagues have demonstrated that exaggerated production of peroxynitrates, but not necessarily NO or ROS, leads to direct nitrosylation of MHC molecules, thereby preventing the interaction with CD8 TCRs and sub- isolated from tumor-bearing hosts produce increased myeloperoxidase and eosinophil peroxidase (27) . These observations, coupled with the fact that both iNOS and ROS are vital components of innate immune effector-cell function and the massive expansion of these cells during tumor growth, sepsis and burns (12, (28) (29) (30) (31) (32) , indicate that MDSCs are poised to be excellent sentinels against infection in the face of systemic stress. MDSCs obtained from tumor-bearing animals and patients produce increased amounts of the antiinflammatory and immunosuppressive cytokine 34) . This finding has led to the speculation that MDSCs may potentiate IL-10-dependent immune suppression and polarization of the T-helper 2 (Th 2 ) adaptive immune response, as well as stimulate the development of regulatory T cells. However, we noted that MDSCs obtained from septic mice not only produced increased amounts of IL-10, but also produced increased amounts of the proinflammatory cytokine tumor necrosis factor α (TNFα), as well as the chemokines RANTES (regulated on activation normal T cell expressed and secreted) and MIP1α (macrophage inflammatory protein 1α) (12) . Noel and Ogle also demonstrated that MDSCs isolated from the spleens of burned mice exhibited elevated production of TNFα, monocyte chemotactic protein-1 and stromal (26, 35) . This hematopoietic link (described below) is critical to the host stress response because inflammation serves as a beacon for the primary innate immune response. Therefore, in settings of an uncontrolled systemic insult, such as metastatic tumor growth and sepsis, MDSCs and their unique properties may ultimately serve a role in protecting the host from infection through the production of increased antimicrobial products and by reducing the magnitude of the septic response (28) .
ORIGINS OF MDSCs ARE IN "EMERGENCY MYELOPOIESIS"
Our evolving understanding of the role that MDSCs play in chronic and acute inflammatory processes suggests that MDSC expansion is not simply a pathologic response to a growing tumor, but rather is a programmed response to inflammation, regardless of its source. Mature myeloid cells are a relatively diverse population with half-lives ranging from a few hours for blood neutrophils to months and years for terminally differentiated macrophages and dendritic cells. However, during infection and inflammation, the requirements for and the consumption of these cells increases dramatically as the host responds to both exogenous microbial products, the presence of non-self, and endogenous danger signals, alarmins, and DAMPs (damage-associated molecular patterns) with a reorganization of myelopoiesis (36, 37) . Myeloid cells are vital to this process as both direct effectors of innate immunity, involved in the phagocytosis and/or killing of microbial products or transformed cells, and through the release of inflammatory mediators and communication with adaptive immunity (38) . Normally, physiologic numbers of mature neutrophils and monocytes are maintained by a steady-state myelopoietic pathway, whereas either acute infection or an endogenous inflammatory process triggers the mobilization of mature neutrophils and more immature populations from the bone marrow and blood to inflammatory sites (36, 37) . The result of this mobilization is an early depletion of bone marrow reserves, creation of niche space, and the release of local mediators, which will drive accelerated or emergency myelopoiesis in the bone marrow ( Figure 2) .
MDSCs, like all other leukocytes, originate from self-renewing, long-term hematopoietic stem cells (HSCs). We previously found that polymicrobial sepsis causes myeloid cell expansion in the bone marrow, spleen, and lymph nodes (39) . Because HSCs are the precursors for MDSCs, it was not surprising that we observed a tripling in the percentage and a doubling in the absolute number of the total HSC population within 36 hours of sepsis, and both the percentage and absolute number of HSCs remained elevated for at least 7 days. We also observed an increase in both the long-term and short-term HSC subpopulations by 36 hours post sepsis.
This expansion of HSCs in sepsis did not appear to be driven by traditional innate immune-signaling pathways. Mice deficient in toll-like receptor 4 (TLR4), type I interferon signaling, MyD88 and TRIF (TIR-domain-containing adaptor protein producing IFN [interferon] type I) signaling all had a perfectly normal expansion of their HSC populations in response to sepsis (39) . Rather, the signals for HSC expansion appeared to originate at least partly in the bone marrow itself. Associated with the creation of niche space, there was a marked increased expression of c-kit, and passive immunization of mice with a blocking antibody to the c-kit receptor, prevented this expansion of HSCs and ultimately, MDSCs (manuscript in review, Scumpia and Kelly-Scumpia).
By asymmetrical division, long-term HSC give rise to short-term HSC that possess a limited capacity for selfrenewal and finally develop into multipotent progenitors and then further into common myeloid progenitors that differentiate into megakaryocyte/erythroid progenitors or granulocyte/macrophage progenitors. We have also shown that during sepsis, there is a marked expansion (4-to 10-fold) in the numbers of these multipotent progenitor populations (manuscript in review).
Ostrand-Rosenberg and colleagues have recently argued that the inflammatory mediators IL-1, IL-6, prostaglandins and proinflammatory S100 proteins all drive this accumulation of MDSCs (3). Sander and Trautwein have demonstrated that MDSC expansion was dependent on IL-1R, IL-6 and gp130 (IL-6 superfamily signaling unit) signaling in sepsis (28) . We also showed dependence on nuclear kB (factor NF-kB) signaling for a complete MDSC expansion (12) . Such complexity and redundancy are not surprising given that the increased expression of these pathways is common to most if not all inflammatory processes.
Thus, it is not surprising that these MDSCs, which arise from intermediates between myeloid progenitors and mature myeloid cell populations, would increase in chronic inflammatory conditions. It is an oversimplification to suggest, however, that MDSCs are simply immature myeloid cells whose numbers expand during increased myelopoiesis. The dramatic increases in MDSC numbers cannot be simply explained by increased emergency myelopoiesis. Furthermore, it is not clear whether MDSCs in the spleen, liver and peripheral lymph nodes originate strictly from the bone marrow, but may also expand directly in organs owing to extramedullary hematopoiesis. Extramedullary hematopoiesis is frequently seen in both chronic inflammatory diseases and in cancer, and has also been reported in experimental sepsis (12) . Thus, the origins of these MDSCs may not necessarily be bone marrow per se, and this has significant importance when it comes to therapeutic approaches intended to block the expansion of these populations in tumors or secondary lymphoid organs.
The (46) . Whether this phenotypic change is associated with merely a greater differentiation of the cell population or a specific target of the tyrosine kinase inhibitor is still unknown. Another circulating mediator, heat shock protein (HSP) 27, is associated with tumor progression and increased post-injury infection. Laudanski et al. have reported that elevated levels of HSP27 blocked the differentiation of myeloid precursors to dendritic cells and macrophages through a p38 MAP kinase-dependent pathway (47) . These findings suggest that there are a number of inflammatory mediators that regulate the maturation of MDSCs, suggesting that therapeutic interventions may be possible but challenging.
MDSCs IN TRAUMA AND SEPSIS: PATHOPHYSIOLOGIC OR BENEFICIAL?
Not surprisingly, MDSCs have been reported in the trauma and sepsis litera-ture for several years. In 2004, Sherwood and colleagues reported on the presence of a "suppressor macrophage" population in the spleens of mice after burn injury (4) . But the real breakthrough in linking MDSCs to trauma and sepsis came from the laboratory of Juan Ochoa and his colleagues at the University of Pittsburgh and Louisiana State University (48) . These investigators observed a marked increase in a CD11b + GR-1 + population in the spleens of mice 24 hours after a traumatic injury. The investigators classified these cells as being MDSCs on the basis of their ability to suppress CD4 + T-cell proliferation, TCRζ chain and IL-2 expression, as well as their ability to produce large quantities of arginase. However, there were a number of physical characteristics of these cells that suggested that they differed at least qualitatively from MDSCs found in cancer and sepsis. These MDSCs had markedly higher MHC class II expression and lower class I expression, and very few cells expressed the immaturity marker, CD31. As shown in Figure 1 , cytospins of this population revealed a predominantly "ringed-cell" phenotype consistent with a more mature PMN-MDSC phenotype.
We stumbled onto MDSCs in murine sepsis models fortuitously. Most sepsis models based on the cecal ligation and puncture method are designed to produce early, high mortality, and to use pharmacologic attempts to mitigate outcomes (49, 50) . We were interested not so much in the initial host response to sepsis, but in whether the septic animal had altered innate and adaptive immune processes that could explain their increased susceptibility to secondary infectious challenges: the theoretical basis behind the "second-hit phenomenon." Investigation of this required that we develop a sepsis model that more accurately recapitulated outcomes to human sepsis that are on the order of 20-30% mortality and develop over several days. Developing a less lethal cecal ligation and puncture model, we observed, in animals surviving more than 3 days, a massive expansion of the CD11b + GR-1 + population not only in the spleen, but also in the peripheral lymph nodes and in the bone marrow (12) . By 7 to 10 days after sepsis, almost 40% of the spleen was CD11b + GR-1 + ; in the bone marrow, the percentages increased to close to 90%, and in peripheral lymph nodes, the percentage increased to 3-5%. More dramatically, as the sepsis continued, splenomegaly developed, and the total numbers of these cells in the spleen increased more than 50-fold from healthy control animals.
Clearly, these cells were heterogenous (Figure 1) these findings and demonstrated the requirement for gp130-dependent JAK-STAT signaling for their expansion (28) .
Expansion of this cell population is not limited strictly to trauma and sepsis, but is also seen in other acute inflammatory conditions. We showed that a very modest endotoxin administration produced a significant but transient increase in MDSC numbers in the spleen and lymph nodes (12) . Endotoxin and IFN-γ administration produce even greater expansions (42) . Noel and Ogle have reported that after a burn injury, MDSC numbers expand dramatically, and these splenic CD11b + GR-1 + cells are metabolically active, secreting large quantities of proinflammatory cytokines when stimulated ex vivo (29, 31, 32) . We have looked at splenic and lymph node expansion of the MDSC populations after a 10-20% body surface area scald burn, Pseudomonas infection, or a Pseudomonas infection superimposed on a scald burn. The latter tends to be lethal when the surface area of the burn is 40%. As shown in Figure 4 , both a burn and Pseudomonas infection were associated with an increase in the MDSC populations in both the spleens and lymph nodes at 7 days. Not surprisingly, combining the Pseudomonas infection with the burn injury resulted in marked increased expansion of this population.
We have asked whether the increased expansion of MDSCs is beneficial or adverse to the septic host. When we originally observed that blocking the expansion of MDSCs with a GR-1 + antibody prevented the Th2 polarization of the immune response and reversed the suppression of CD4 + and CD8 + T cells, we assumed that those components of the MDSC response were generally detrimental to the septic host (12) . But it has been difficult to translate those immunological changes into differences in outcome to severe sepsis. As shown in Figure 5 , we have attempted several approaches to prevent the expansion of MDSCs in sepsis, using gemcitabine and GR-1 + antibodies, as well as blocking SDF-1 (unpublished observations). In every case, we could prevent or attenuate the expansion of MDSCs, but none of the approaches improved outcome as would be expected if these cells were net immunosuppressive. Rather, in most cases, failure to expand the MDSC population was generally associated with dramatically worsened outcomes. Many of the adverse effects could be explained by the lack of specificity of the approaches: gemcitabine kills all actively replicating cell populations, and in addition to preventing MDSC expansion, kills rapidly-dividing epithelial cells and bone marrow progenitors. GR-1 + antibodies are effective at depleting MDSCs, but also deplete mature neutrophils, which are known to be required for a successful sepsis response (51) . The studies with gemcitabine have been repeated by Ogle and colleagues in burned mice, and although it is extremely effective at preventing the expansion of MDSCs in burns, the animals are more susceptible to a secondary Pseudomonas pneumonia (30). Sander and Trautwein have convincingly argued that in septic conditions in which an exaggerated inflammatory response is lethal, blocking the MDSC expansion may also worsen outcome by promoting the inflammatory component. They showed that mice lacking gp130 and unable to signal through IL-6 failed to expand their MDSC population and had markedly higher mortalities to sepsis associated with increased inflammatory cytokine production (28) . Furthermore, they showed that they could improve survival to sepsis when they reconstituted mice with CD11b + GR-1 + cells in their deficient animals. Thus, it is by no means clear whether the expansion in MDSCs contributes to sepsis immune suppression or prevents it. The answer is probably both, depending on the conditions. The subsequent question is whether human trauma, burns and sepsis are also associated with expansion of homologous human MDSC populations. This is not known, for several reasons. First, there is little agreement about what constitutes an MDSC population in humans, in which the primary criterion of MDSC is a myeloid cell with T-cell suppressor function. Humans do not express the GR-1 antigen, and ring-shaped cells are generally not observed outside of leukemic conditions. Second, the blood compartment is not the most sensitive compartment to assess MDSC expansion, because blood appears to be a transient intermediate from either bone marrow expansion to secondary lymphoid and reticuloendothelial organs where they accumulate, or to where they are generated locally from extramedullary hematopoiesis. The processes of MDSC populations in organs and tissues of trauma and septic patients are technically challenging.
However, we have obtained formalinfixed, paraffin embedded spleen samples from patients who have experienced either traumatic injury or have died from severe sepsis. These samples were originally analyzed for CD4 + and dendritic cell apoptosis (52) . The samples were then restained with a novel antibody that is expressed on activated myeloid cells: myeloid DAP12-associating lectin-1 (MDL-1), a cell-surface receptor which has been shown to regulate myeloid cell-associated inflammatory responses (53, 54 from bone marrow and the peripheral blood (54) . As shown in Figure 6 , the pattern of MDL1 expression on human spleens increased dramatically with trauma and sepsis. In particular, patients who died from sepsis had marked expansion of MDL1 + populations that replaced the dissolution of the lymphoid follicles, which is characteristic of severe sepsis. Although trauma itself was associated with increased numbers of MDL1 + cells, the distribution was more normal, with cells residing primarily in the mantel surrounding the follicles. Although the data represent a limited number of patients and the staining suffers from a general lack of specificity, the data are consistent with human sepsis being associated with a marked expansion of myeloid cells in the spleen.
CAN MDSC EXPANSION AND FUNCTION BE MANIPULATED, AND SHOULD IT BE?
The mechanisms that control the expansion and activity of MDSCs are influenced by multiple factors including cytokine/chemokine production from tumor, tumor stroma, and infiltrating T cells. NF-κB and JAK/STAT activation, in particular STAT3, are associated with both proliferation and survival of MDSCs, as well as the production of the S100 calcium-binding proteins, S100A8/9. These proteins subsequently bind and potentiate the NADPH complex and have also been shown to bind Figure 5 . Effect of different approaches to blocking MDSC expansion on survival to sepsis. Mice were pretreated with either gemcitabine or anti-GR-1 monoclonal antibodies, or antibodies to SDF-1 and subjected to an LD 30 cecal ligation and puncture, as described in detail in the Supplemental Methods. Survival to CLP was dramatically reduced in mice treated with either gemcitabine (A, n = 20 in each group) or anti-GR-1 antibodies (C, n = 20 in each group). In surviving animals, there was evidence that the expansion of the MDSC population at 7 d was markedly suppressed (*P < 0.01).
RAGE receptors (receptor for advanced glycosylation end-production) and TLR4. The net effect of this signaling cascade leads to the increased production of ROS and proinflammatory cytokines.
Because of the negative impact these increases in proinflammatory and innate immune responses have on T-cell immunity and tumor immunotherapy, strategies to modulate or inhibit the expansion of these cells have been actively pursued (2) . One strategy that has been tested in the clinical setting is approached through maturation of MDSCs using the vitamin A metabolite, all-trans retinoic acid (41) . Other potential strategies involve inhibiting the expansion of these cells through targeting of the vascular tumor stroma (anti-VEGF or sunitinib) (43) or hematopoiesis through targeting stem cell factor (55) . However, the question remains: Is this expansion of MDSCs deleterious?
Certainly, in our hands and in the hands of others, these cells obtained from septic hosts have immunosuppressive activities on adaptive immunity, but if the expansion of MDSCs are the host's attempt to correct and control the systemic insult, will we sacrifice enhanced innate immune responses at the expense of improved tumor immunity? Perhaps. In the setting of tumor growth, the net benefit of controlling the expansion of these cells will probably improve some aspects of clinical outcome, as dysregulated activity and expansion of these cells contribute to negative effects on the host. However, such actions are not without some theoretical risk of reducing immune surveillance. It is important to fully understand their role in host immunity, because attempts to control and prevent MDSC expansion in burn and sepsis preclinical models may actually increase susceptibility to both primary and secondary infection ( Figure 4 ). As described above, Ogle's group has demonstrated that after burn injury, mice are protected against secondary Pseudomonas aeruginosa infection, and depletion of MDSCs with gemcitabine blocks this effect (30) . In addition, immunoneutralization of GR-1 + cells worsens survival to experimental sepsis (Figure 4 ) (28) . Regardless, the goal of these therapies should be to strike a balance between improving adaptive immune responses and preserving innate immune function.
FUTURE DIRECTION AND GOALS
Though it is well accepted that a myelopoietic response to inflammation, infection and sepsis occurs, this response may be misunderstood. As described above, evidence from our laboratory and others suggest that this expansion of MDSCs may actually serve to protect the host through increased innate immunity and secondarily through suppression of cytokine/inflammatory responses (28, 30) . However, despite the demonstration of adaptive immune suppression in some of these studies, there is still significant controversy as to whether or not the MDSCs that arise in sepsis are truly MDSCs or a myelopoietic variant with similar characteristics (12) . The greatest barrier to fully describing these cells despite differences between disease models and further, between species, lies in the lack of appropriate mechanistic studies, phenotypic markers and/or genomic signatures that can sufficiently unify scientific consensus. How similar are the MDSCs described in cancer to the MDSCs found to expand in autoimmunity or infection? Do the neutrophils described in clinical studies as CD11b
+ have similar genomic/proteomic signatures as murine MDSCs? Or more importantly, does the expansion of MDSCs represent a conserved hematopoietic/ myelopoietic response to systemic stress that is shaped by the disease process, but is driven to create a similar, albeit heterogenous, cell population? Mechanistic studies designed to address these concerns are critically important to our understanding not only of the biology of these cells but also the myelopoietic response to systemic insult.
CONCLUSIONS AND CLINICAL RELEVANCE
Though largely dismissed before this decade, the MDSC has garnished tremendous scrutiny, despite the inability of investigators to identify a specific cell population. This examination has forced a reevaluation of the role that MDSCs play in the primary immune response and how they shape adaptive immunity. If the expansion of MDSCs were observed only as a solitary phenomenon in tumor studies, it would be clear how the interplay of the tumor and the normal inflammatory response would support the dramatic observations that have been described over the last decade. However, given the increasing knowledge regarding the myelopoioetic response to inflammation and the numerous pathological conditions in which very similar populations are expanding, the purpose of these cells cannot be defined so narrowly. Although T cells play undeniable roles in tumor and pathogen immunosurveillance, we cannot discount the importance of the innate immune response and the possible role that T cells play in this process. Indeed, we and others have shown that as the host is compromised owing to some systemic pathologic insult, be it tumor growth, lupus or sepsis-the emergency hematopoietic response shifts toward myeloid lineages and expansion of myeloid cell precursors. Moreover, there are likely important differences in the immunosuppressive, proinflammatory mediators expressed and stored within various MDSCs, depending on the nature of the chronic inflammation. Some of these mediators may even have the potential to induce acute changes in hemodynamic responses through modulation of endothelial cells as shown by Pande et al. (27) . The expansion of MDSCs is a critical component of this response that can have obvious harmful effects. Therefore, there remains a compelling need to further understand the role MDSCs play before we consider manipulating them in the diverse clinical settings in which they arise.
